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Abstract 
Square tubes have been used for a framework and reinforcement members of structures. Many studies on the deformation of a 
circular tube have been done, but there are only a few research reports on a square tube deformation, such as the experiment of 
axial dynamic deformation and bending stiffness. This paper deals with the influence of axial length and cross-sectional shape 
on axially compressed aluminum polygonal tube in order to obtain the basic data of buckling, impact resistance and energy 
absorption. A numerical analysis of the dynamic deformation process of the polygonal tube was made with a finite element 
method. The result shows that the buckling happens first in the side, and then another buckling happens near the corner. The 
deformation shape of the tube having an opposite face has concave-convex in adjoining surfaces, and crushed in a bellows-like. 
That of the tube having no opposite face has slanting deformation. Therefore, the former is suitable for energy absorption than 
the latter. The absorbed energy of the impact load by tube deformation increases in proportion to the axial displacement of the 
tube. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
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1. Introduction 
Square tubes have been used for a framework and reinforcement members of the structures. There are only a 
few research reports on square tube deformation, such as the experiment of axial dynamic deformation and bending 
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stiffness (Abramowicz et al., 1983). Compared with common steel materials, specific tensile strength of an 
aluminum alloy is high, and its density is as light as one third of iron. There are a lot of interests in an aluminum 
tube with these special features as a frame timber having the function of high strength and weight reduction of 
automobile bodies (Meng et al., 1983). Young’s modulus of aluminum is one third of steel, so it is necessary to 
examine the cross-sectional shape such as the thickness of the tube to ensure the same rigidity as steel materials. 
However, the whole buckles become large when thickness is increased, and it becomes axial compression 
deformation that can't effectively absorb collision energy (Kim et al., 1998). Buckling of the square tube, the 
torsional rigidity in the corner seems to contribute greatly to the decision of the deformation shape (Miyazaki et al., 
2003). In the previous report (Miyazaki et al., 2002), the authors have examined by experimenting axial impact 
squeezing test of square tubes that put the ribs in the cross-sectional. This paper deals with the influence of axial 
length, cross-sectional shape and reinforcing rib on dynamic axial compressed aluminum tubes. 
2. Experiment 
2.1 Method 
A drop hammer testing machine, shown in Fig. 1, is used for dynamic axial compression of the square tube 
specimen. The drop hammer weight is 11.8 kg and its impact velocity depends on the falling height of the hammer. 
The impact velocities v are changed from 3.0 to 6.3 m/s. The ends of the specimen are fixed into the groove on the 
steel plate (2.5 mm width, 5 mm depth). The specimen is an aluminum square tube (JIS A6063-T5, 40 mm width, 
100 mm length, 1 mm thickness). Material properties are shown in Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Drop-hammer testing machine. 
 
Table 1. Material properties of aluminum (A6063-T5) 
Young’s modulus E (GPa) 69 
Poisson’s ratio Ȟ 0.33 
Density ȡ(kg/m3) 2.7×103 
Work-hardening modulus F (MPa) 280 
Work-hardening exponent n 0.08 
 
2.2 Results and Considerations 
 
Fig. 2 shows examples of the dynamically deformed tube. Deformation shape of square tube is concave-convex 
in adjoining surfaces at an impact velocity of 5.0 m/s. The tendency appeared markedly at impact velocities of 6.0 
and 6.3 m/s.  In the square tube, the partial buckling was generated in the impact edge of the axial direction at the 
tube. In this experiment, the whole tube crushing was observed in the impact velocity of 6.3 m/s. 
㻳㼡㼕㼐㼑㻌㼟㼔㼍㼒㼠
㼔㼍㼙㼙㼑㼞㻌㼣㼑㼕㼓㼔㼠
㻿㼡㼜㼜㼛㼞㼠㻌㼒㼞㼍㼙㼑
㻳㼞㼛㼛㼢㼑㼐㻌㼜㼘㼍㼠㼑
㻿㼜㼑㼏㼕㼙㼑㼚
㻮㼍㼟㼑
㻞㻡
㻜㻜
㻌㼙
㼙
㻱㼘㼑㼏㼠㼞㼛㻌㼙㼍㼓㼚㼑㼠㼕㼏㻌
㼔㼛㼘㼐㼑㼞
㼃㼕㼚㼏㼔
㻰㻯
1069 Makoto Miyazaki and Masashi Yamaguchi /  Procedia Engineering  81 ( 2014 )  1067 – 1072 
 
 
 
 
 
 
 
 
 
Fig. 2. Dynamically deformed specimens for (a) v =5.0 m/s, (b) v =6.0 m/s and (c) v =6.3 m/s. 
3. Numerical Analysis 
3.1 Method 
The analysis is conducted by non-linear structure analysis program (Marc 2013) and pre-post processor (Mentat, 
2013). An element division model and boundary condition are shown in Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Element division model and boundary condition for (a) square tube without a rib, (b) square tube with a rib, (c) pentagonal tube, (d) 
hexagonal tube,  (e) heptagonal tube and (f) octagonal tube. 
 
About cross-sectional shape, polygonal tubes (square, pentagonal, hexagonal, heptagonal and octagonal, 40 mm 
wide, 1 mm, 100 mm long) is discretized from 2269 to 3241 bilinear four-node shell elements. As for axial length, 
the tube (40 mm in width, 1 mm in thickness, 50, 100, 150 and 200 mm in length) is discretized from 1280 to 5760 
bilinear four-node shell elements. In both cases, the reinforcing rib is used to bind in the center from the corner of 
each. The nodes in the edge of the tube are fixed with the exception of an axial direction of the impact edge. The 
weight (80 × 80 × 20 mm) is an un-discretized three-dimensional, eight-node, first-order, isoparametric element. 
The deformed tube is regarded as an isotropic material following von-Mises yield condition, and the flow stress-
strain relationship is Eq. (1) because the effect of the strain rate of the aluminum is smaller than that of other 
materials like iron, etc. 
(b) (a) 
(d) (e) (f) 
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nFHV  .                                                                                                                                                  (1) 
 
,Q WKLV DQDO\VLV WKH WLPH VWHS ZLGWK LV  ȝV 7KH 1HZWRQ-Raphson method and the updated Lagrangian 
formulation are used as the solution methods of the non-linear equation, and the single-step houbolt of implicit 
solution time-integration method is used for the analysis of dynamic deformation. The impact velocities v are 10 
m/s. 
 
3.2 Results and Considerations 
 
3.2.1 Square tube 
 
Final deformations of the square tube for various impact velocities are shown in Fig. 4. In the case of impact 
velocity is 5.0 m/s, shown in Fig. 4 (a), the irregular pattern on the surface of the tube is a concave-convex pattern 
on the adjoining surface. When the impact velocity is high, the second buckling is generated in the adjacency part 
near the first buckling. The size and type of element used in this analysis seem to be appropriate because 
experimental results shown in Fig. 2 approximately agree with those of the finite element method analysis 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Final deformations of the square tube for (a) v =5.0 m/s, (b) v =6.0 m/s and (c) v =6.3 m/s. 
 
3.2.2 Effects of the axial length and reinforcing rib 
 
Strain distributions in bucking region are shown in Fig. 5. Deformation is larger at the corners in each axial 
length. In the tubes with reinforcing ribs, the largest deformation occurs in the central portion of the reinforcing rib. 
In Fig. 5 (b), deformation can be seen slightly in the part that is not the corners. The reason for this seems that the 
reinforcing rib is in contact with the wall of the tubes internally.  Even if the axial length is changed, there is no 
difference in the trend of the graph. Because reinforcing ribs are in contact inside, deformation occurs in the 
portions except the central portion of the reinforcing ribs and corners. There was no difference in the effect caused 
by changing the axial length.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Equivalent plastic strain distribution along hill and valley of concave-convex surface for (a) without a rib and (b) with a rib. 
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3.3.3 Effects of the cross-sectional shape and reinforcing rib 
 
The equivalent plastic strain is compared among polygonal tubes (square, pentagonal, hexagonal, heptagonal, 
octagonal). Final deformations of the tube for various impact velocities are shown in Fig. 6. In this examined range, 
buckling occurred locally in the impact edge. Distribution of equivalent plastic strain of the octagonal tube and 
pentagonal tube is shown in Fig. 7. Similar to the above, the largest deformation occurs in the central portion of the 
reinforcing rib. However, deformation is smaller when the tubes become polygonal tubes.  It is considered 
probable that the corners also increase because the number of reinforcing ribs increases. In the tubes with opposite 
faces, deformation is in contrast. However, in the tubes without opposite faces, deviation occurs in the deformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Final deformations  for(a) square tube, (b) pentagonal tube, (c) hexagonal tube,  (d) heptagonal tube and (e) octagonal tube. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Equivalent plastic strain distribution along hill and valley of concave-convex surface. (a) Pentagonal tube and (b) octagonal tube. 
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3.3.4 Energy absorption 
 
The relationship between the axial displacement and absorbed energy is shown in Fig. 8. The energy absorption 
quantity was calculated from the load-displacement curve. In the tubes without ribs, absorbed energy of the impact 
load by the tube deformation increases in proportion to the axial displacement of the tube (Miyazaki et al., 2003). 
In Fig. 8, in the tubes with ribs, the absorbed energy of the impact load by the tube deformation increases in 
proportion to the axial displacement of the tube. Figs. 6 and 8 show that even if there are reinforcing ribs, the 
deformation has been partially caused, and the energy at the time of an impact has been effectively absorbed by 
local compression buckling modification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Relationship between absorbed energy and axial displacement. 
 
4. Conclusion 
 
From the numerical analysis, the following conclusions were obtained. 
(1) A buckling happens first in the side, and then another buckling happens near the corner. 
(2) The deformation shape of the tube having an opposite face has concave-convex in adjoining surfaces, and 
crushed in a bellows-like. 
(3) That of the tube having no opposite face has slanting deformation. Therefore, the former is suitable for energy 
absorption than the latter. 
(4) The absorbed energy of the impact load by tube deformation increases in proportion to the axial displacement 
of the tube. 
(5) The tubes of thin wall are effective for the impact absorption member because the impact is absorbed by the 
partial buckling, and the deformation is generated in a bellows-like. 
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